A heme-dependent conformational rearrangement of the C-terminal domain of heme binding protein (PhuS) is required for interaction with the iron-regulated heme oxygenase (HemO). Herein, we further investigate the underlying mechanism of this conformational rearrangement and its implications for heme transfer via site-directed mutagenesis, resonance Raman (RR), hydrogendeuterium exchange MS (HDX-MS) methods, and molecular dynamics (MD). HDX-MS revealed that the apo-PhuS C-terminal α6/α7/α8-helices are largely unstructured, whereas the apo-PhuS H212R variant showed an increase in structure within these regions. The increased rate of heme association with apo-PhuS H212R compared with the WT and lack of a detectable five-coordinate highspin (5cHS) heme intermediate are consistent with a more folded and less dynamic C-terminal domain. HDX-MS and MD of holo-PhuS indicate an overall reduction in molecular flexibility throughout the protein, with significant structural rearrangement and protection of the heme binding pocket. We observed slow cooperative unfolding/ folding events within the C-terminal helices of holo-PhuS and the N-terminal α1/α2-helices that are dampened or eliminated in the holo-PhuS H212R variant. Chemical cross-linking and MALDI-TOF MS mapped these same regions to the PhuS:HemO protein-protein interface. We previously proposed that the protein-protein interaction induces conformational rearrangement, promoting a ligand switch from His-209 to His-212 and triggering heme release to HemO. The reduced conformational freedom of holo-PhuS H212R combined with the increase in entropy and decrease in heme transfer on interaction with HemO further support this model. This study provides significant insight into the role of protein dynamics in heme binding and release in bacterial heme transport proteins.
I
ron is an essential micronutrient required for the survival and virulence of most bacterial pathogens. Furthermore, iron sequestration by the host's defense systems drives the diversity of iron acquisition mechanisms deployed by pathogens (1) . To combat iron limitations, many pathogens use several iron acquisition strategies, including utilization of host heme-containing proteins (2) . The opportunistic pathogen Pseudomonas aeruginosa encodes two distinct heme uptake systems: the Pseudomonas heme uptake (phu) and the heme assimilation system (has) (3) . We have recently shown the Has and Phu systems perform nonredundant roles in the sensing and transport of heme, respectively (4). The Phu system comprises a TonB-dependent outer membrane receptor (PhuR) and a soluble heme binding protein (PhuT) that acts as the receptor for an ATP-dependent permease (ABC transporter), which then translocates heme to the cytoplasm. In the cytoplasm, the cytoplasmic heme binding protein (PhuS) sequesters and chaperones heme to the ironregulated heme oxygenase (HemO) (5, 6) . In the cytoplasm, heme is oxidatively cleaved by HemO to biliverdin IXδ (BVIXδ) and BVIXβ with the release of iron and CO (7) . It was recently determined that the Phu system is the primary iron acquisition system in P. aeruginosa chronic infection of the cystic fibrosis lung and up-regulated coincident with a decrease in the levels of the major secreted siderophore pyoverdine (8, 9) . This increase is in large part caused by point mutations within the promoter region of the phu operon leading to increased expression of PhuR (8) . Therefore, understanding the molecular mechanisms by which P. aeruginosa acquires and uses heme may provide a therapeutic strategy in the treatment of P. aeruginosa chronic infections.
Previous studies from our laboratory have shown the interaction of PhuS with HemO is driven by a conformational change on ligand binding (6, 10) . Furthermore, the previously reported kinetics of heme transfer from PhuS to HemO are slow: on the second timescale at 34°C (11) . Based on these data, we proposed that a His-ligand switch from His-209 to His-212 within holo-PhuS occurs before heme transfer to HemO. In this report, we further show that (i) heme binding to the C-terminal proximal α6/α7/α8-helices (residues 207-233) drives a conformational change required for protein-protein interaction, (ii) cooperative folding and unfolding events in the N-and C-terminal domains at the protein-protein interface trigger heme release to HemO, and (iii) these studies support a heme translocation pathway or "exit from the side" mechanism that requires a ligand switch from His-209 to His-212 before release of heme to HemO.
Significance
Heme is a critical source of iron for Pseudomonas aeruginosa on infection of the host. The flux of heme into the cell is driven by the catalytic action of heme oxygenase (HemO) and regulated by the heme binding protein (PhuS). Despite advances in structural characterization of bacterial heme uptake proteins, the mechanism of heme transfer is poorly defined. In this study, we determined structural elements within PhuS that undergo conformational rearrangement on heme binding and further show that allosteric linkage between the N-and C-terminal domains of PhuS is critical for triggering heme release to HemO. These studies provide a first step in defining the role of protein conformation and allosteric contributions in heme transfer within bacterial heme uptake systems.
Results
Conformational Rearrangement on Heme Binding to PhuS. Comparison of deuterium uptake between apo-and holo-PhuS was monitored after dilution into D 2 O. Samples were removed at various time points, and the exchange was quenched. Regions of the protein that undergo extensive exchange at the earliest time points reflect regions that are exposed to solvent and intrinsically unstructured or regions undergoing rapid equilibrium favoring the unstructured form. In contrast, exchange times on the scale of minutes to hours are more indicative of the flexibility of the secondary and tertiary structures of the protein. The peptide fragments provided 99% coverage for both the WT and H212R PhuS apo and holo forms (Fig. S1) . Global examination at all time points for deuterium exchange in apo-vs. holo-PhuS shows significant protection on heme binding, indicative of an overall decrease in the flexibility and dynamics of the protein (gray bars in Fig. 1A ). The PhuS heme binding site is between the proximal C-terminal helices (α6/α7/α8), the distal N-terminal domain β-sheets (β5-β6), and β-sheets (β16/β17/β18) on the backside of the pocket (Fig. 1 C and D) . Hydrogen-deuterium exchange MS (HDX-MS) methods and molecular dynamics (MD) studies comparing the apo and holo forms of WT PhuS point to structural and conformational effects of heme binding on these structural elements. HDX-MS reveals particularly strong losses in deuterium incorporation for all three structural motifs, including those that are involved in secondary structure in both the apo and holo crystal structures (Fig. 1A) . Consistent with HDX-MS, MD shows a decrease in fluctuation of two of these three structural motifs in the holo form as evidenced by the decrease in the rms fluctuation (Fig. 1B) . In particular, the loop regions between the C-terminal helices α6 and α7, between the β-sheets β16 and β17, and between β18 and α10 on the backside of the pocket show the greatest loss in fluctuations. The lack of difference in fluctuation in the helices and β-sheets of these motifs can be attributed to the significantly shorter simulation timescale (500 ns) compared with that of HDX-MS and the limitation of the current force field (energy function) that tends to overstabilize secondary structure elements. Additionally, in contrast to HDX-MS, the MD data suggest that the third structural motifs, the distal N-terminal domain β-sheets (β5-β6), are not affected by heme binding. Additional analysis of the extent of deuteration over time for β-sheets β5 and β6 reveals comparable levels of protection in the early time points for both apo-and holo-PhuS (Fig. S2) . However, EX1 kinetics are observed within the first 10 min in apo-PhuS and are clearly slowed in holo-PhuS (∼1 h), indicating an increased stability in these secondary structures on ligand binding (Fig. S2) . Such kinetics are usually indicative of slow conformational changes that are outside of the timescale probed by MD. In the crystal structure of holo-PhuS, Leu-103 and Phe-114 of the β-sheets (β5-β6) engage in nonpolar contacts with the heme, whereas Arg-112 is hydrogen-bonded through its guanidinium group to a distal solvent molecule coordinated to the heme iron ( Fig. 1D) (12) . Interestingly, although secondary structures remained stable in MD simulations of apo-and holo-PhuS, the heme binding cleft of apo-PhuS exhibited significant breathing motion, whereas it remained closed in holo-PhuS. To characterize the binding cleft dynamics, the free energy surface with respect to the radius of gyration of the heme binding cleft (R g ) and the Cα distance between Arg-112 and His-209 (D R112-H209 ) was calculated from the MD trajectories (Fig. S3) . R g represents the volume of the binding cleft, and Arg-112 and His-209 are two conserved residues above and below the heme, respectively. Remarkably, the free energy minimum for apo-PhuS is located at R g of 15.4 Å and D R112-H209 of 15 Å, whereas the minimum for holo-PhuS remains at the position close to the crystal structure (R g of 14.5 Å and D R112-H209 of 11 Å). These data indicate that heme binding rigidifies the initially open and flexible binding cleft to adopt the closed conformation seen in the crystal structure. In solution, the full extent of opening and flexibility of the binding cleft in apo-PhuS is further revealed by a more detailed analysis of the HDX-MS. At the earliest time point probed (10 s), peptides comprising the C-terminal proximal helices α6/α7/α8 display deuterium exchange levels greater than 50% (>80% within 1 min), indicating that the proximal heme binding helices are largely unstructured (solid lines in Fig. 2 A, Upper and B, Upper). On heme binding, significant protection within the C-terminal helices is observed within 10 s, indicating that heme binding drives a large structural and conformational rearrangement of the C-terminal domain (dashed red lines in Fig. 2 A, Upper and B, Upper). These data are consistent with previous solution studies showing that heme binding shifts the sedimentation coefficient distribution for holo-PhuS and further protects the C-terminal domain from proteolysis (10) . Interestingly, the HDX-MS data are not consistent with the recent apo-PhuS crystal structures, where the overall structural fold is almost identical to that of holo-PhuS, suggesting that the apoPhuS crystal structures are more representative of the ligandbound state (12, 13) . The latter is supported by MD-based calculations of deuterium uptake. Indeed, for all peptides spanning the C-terminal helices, the calculated deuterium uptakes of apo and holo forms are identical and display uptake traces that are largely similar to the experimental deuterium uptake curves of the holo-PhuS (Fig. S4) . Taken together, the MD and HDX-MS data support our previous "induced fit" hypothesis that heme binding drives conformational rearrangement of the C-terminal domain and subsequent ligand coordination.
Allosteric Contributions to Holo-PhuS Interaction with HemO. Insight into the dynamic flexibility of the heme binding pocket can be gained from the differences in deuterium exchange profiles in the presence and absence of the ligand. The slower EX1 unfolding kinetics in the distal β5/β6-sheets on heme binding reveal increased rigidity within this region compared with the apo-PhuS, whereas the C-terminal proximal α6/α7/α8 helices, after initial structural rearrangement, undergo cooperative unfolding characterized by the EX1 double-isotopic envelope beyond the 5-min time point (dashed pink lines in Fig. 2 A, Upper and B, Upper). A similar rate of unfolding in the α1/α2-helices (dashed light blue lines in Fig. 2C , Upper) of the N-terminal domain distant from the heme binding pocket is consistent with long-range allosteric effects.
Based on the previously calculated slow rate of heme transfer from PhuS to HemO (0.1 s
), it is reasonable to suggest the cooperative folding/unfolding motions may contribute to a His ligand switch from His-209 to His-212 that triggers heme release to HemO (11) . Interestingly, the PhuS:HemO formaldehyde cross-linked complex detected by Western blot (Fig. S5 ) when subjected to tryptic digest and MALDI-TOF analysis revealed peptides within PhuS shown to undergo EX1 kinetics in the HDX-MS experiments. PhuS peptides 217-222, 218-222, and 223-227 from the C-terminal α7/α8-helices cross-link distal helix residues 124-132 and 133-145 of HemO, and PhuS peptides 228-236 and 296-304 from the β10-and β15-sheets flanking the binding pocket cross-link to proximal helix residues 35-42 of HemO (Fig. 3A) . Furthermore, the PhuS N-terminal α1/α2-helices that are cooperatively linked to the motions of the C-terminal domain also map to the PhuS:HemO interface. The complete set of peptides from the in-gel tryptic digest of the formaldehyde-treated PhuS:HemO is listed in Table S1 .
Increased Structural Rigidity in the PhuS H212R Mutant Inhibits Heme
Release to HemO. The role of the conformational dynamics and long-range coupling of the C-terminal α6/α7/α8-helices with the N-terminal α1/α2-helices is further supported in the PhuS H212R variant, which is impaired in its ability to release heme to HemO as judged by the heme distribution after separation of holo-PhuS and apo-HemO by size exclusion chromatography (Fig. S6) . Isothermal titration calorimetry (ITC) analysis of the interaction of holo-PhuS H212R with HemO revealed an association constant K a = 6.3 × 10 6 M −1 and overall free energy of binding ΔG = −9.3 kcal mol −1 (Fig. 3C) ; these values are similar to those previously reported for holo-PhuS WT (K a = 2.3 × 10 6 M −1
; ΔG = −8.3 kcal mol −1 ) (10). As for WT holoPhuS, the interaction of H212R holo-PhuS with HemO is largely driven by enthalpic contributions; however, the moderate increase in entropy (∼3 kcal mol ) suggests an increase in hydrophobic contributions and decreased conformational flexibility. The electronic absorption and resonance Raman (RR) spectra of holoPhuS H212R reveal a heme coordination geometry that closely matches that of WT holo-PhuS (Fig. S7) . The Soret absorption maximum of holo-PhuS H212R is observed at 412 nm, which corresponds to a 3-nm redshift compared with the Soret absorption of WT holo-PhuS (Fig. S7A) , and in the Q bands, visible bands at 542 and 580 nm are slightly more intense in H212R, suggesting a marginal increase in the low-spin (LS) to high-spin (HS) heme conformer ratio in H212R relative to the WT protein. This interpretation of the ultraviolet-visible (UV-vis) absorption spectra is supported by the high-frequency RR spectra of H212R holo-PhuS, which are almost identical to that of the WT with porphyrin skeletal modes ν 3 , ν 2 , and ν 10 , indicative of a six-coordinate high-spin (6cHS)/six-coordinate low-spin (6cLS) equilibrium mixture, and a minor gain in relative intensity of the LS modes in the RR spectra of H212R (Fig. S7B) . The vinyl stretching modes at 1,620 and 1,628 cm −1 are well-defined and unchanged by the H212R mutation (Fig. S7B) .
Analysis of the apo-and holo-PhuS H212R proteins by HDX-MS revealed a significant decrease in the rate of deuterium exchange within the regions previously shown to undergo cooperative folding/unfolding in WT PhuS. Specifically, the α6-and α7/ α8-helices of the C-terminal domain that appear largely unstructured in the apo-PhuS WT at the earliest 10-s time point show 30 and 10% less deuterium exchange at the same time point in apo-PhuS H212R, respectively ( Fig. 2 A and B) . Furthermore, distinct EX1 kinetics at the C-terminal α6-helix (peptides 198-205) are reduced in holo-PhuS H212R relative to the WT protein (dashed pink lines in Fig. 2A , Lower) and completely suppressed in the α7/α8-helices of holo-PhuS H212R (dashed pink lines in Fig.  2B, Lower) . Surprisingly, the H212R substitution also decreased the conformational flexibility observed at the N-terminal α1/α2-helices in the WT protein, with a complete loss of the EX1 kinetics in the α2-helix as observed for the α7/α8-helices (light blue lines in Fig. 2C, Lower) . The suppression of the cooperative unfolding events in both the N-and C-terminal domains suggests that these motions are allosterically coupled in a heme-dependent manner.
In keeping with a more structured C-terminal domain in apoPhuS H212R, monitoring the process of heme binding to PhuS by stopped flow UV-vis spectroscopy at 4°C revealed a significantly faster rate of heme binding to apo-PhuS H212R compared with the WT protein. Specifically, mixing hemin with apo-PhuS WT shows a gradual transition over 20 s from the spectrum of free hemin to that of holo-PhuS (Fig. 4A) , whereas the first trace obtained after 4 ms with H212R apo-PhuS already shows a Soret maximum at 401 nm (Fig. 4B) . Single-wavelength and global analyses of these kinetic data show triphasic processes for both proteins, with a first rate k obs1 with hyperbolic dependency on the apo-PhuS concentration and two slower phases, k obs2 and k obs3 , unaffected by the apoprotein concentration (Fig. 4 C and D) . As with previous studies (14, 15) , the hyperbolic dependence of k obs1 can be modeled by a two-step process that includes the formation of a hemin-apoprotein reversible complex followed by an iron (III) coordination step:
We favor this model over that of a conformational rearrangement of apo-PhuS before heme binding based on the amphiphilic character of hemin that promotes rapid interaction with apoproteins, making a noninteracting apoconformer unlikely. Using this model with WT and H212R apo-PhuS leads to higher k 1coord and K d values and an overall increase in hemin association rates in the H212R variant. The rapid freeze quench (RFQ)-RR analysis of hemin binding to WT and H212R apo-PhuS further supports the stopped flow kinetics, showing the establishment of the proximal Hiscoordinated spectrum within the earliest RFQ time of 9 ms with the H212R mutant (Fig. 4E) . In contrast, the 9-ms RFQ-RR spectrum for the WT protein shows evidence of a fivecoordinate HS heme conformer with porphyrin modes ν 3 and ν 2 at 1,492 and 1,561 cm −1 , respectively. Overall, the higher K d for the initial apoprotein•hemin complex but faster coordination steps in H212R relative to the WT protein are consistent with an initial apoprotein•hemin complex formation driven by noncoordinating π-stacking and hydrophobic interactions between the porphyrin and distal face β-sheets, triggering conformational rearrangement of the C-terminal domain and His-209 coordination to the heme iron. Increased folding of the C-terminal helices in apo-PhuS H212R may destabilize the apoprotein•hemin complex, while at the same time, prearrange H209 for heme iron coordination. The relatively slow first-order rates k 2 and k 3 revealed in the stopped flow traces would have been anticipated to result in different RR spectra for early RFQ samples relative to samples frozen a few seconds after mixing, but the RR spectra of H212R at 9 ms, 118 ms, and 2.9 s are nearly indistinguishable. This apparent discrepancy between stopped flow and RFQ data for H212R may reflect the impact of cryogenic temperatures on spin-state equilibrium in six-coordinate heme complexes with His/aqua axial ligands. Indeed, changing interactions between the heme iron (III) aqua ligand and residues lining the heme binding pocket can affect the HS to LS equilibrium ratio observed in the stopped flow measurements preformed at 4°C but are unobserved in the RFQ-RR measurements performed at 110 K, because cryogenic temperatures depopulate the 6cHS species in favor of 6cLS conformers.
A Model for Heme Transfer. Based on the cross-linking data, a model of the docked holo-PhuS:HemO complex was obtained by in silico methods (Fig. 3A) . In this docking orientation, heme must be translocated over 20 Å from PhuS to the heme binding site of HemO. Based on previous crystallographic data, we proposed a ligand switch from His-209 to His-212, with His-212 adopting an alternate rotamer, placing the heme in a more solvent-exposed region of the pocket where Arg-222 and Lys-216 are in a position to interact with the heme propionates (13) . This positioning of the heme is consistent with the cross-linking data and provides a path for translocation of heme to HemO. The alternate rotamer adopted through heme coordination on His-212 orients the heme propionates at the protein-protein interface in close proximity to Lys-132 of HemO. Interaction of the heme propionate with Lys-132 of HemO may aid in facilitating transfer from PhuS to HemO. Interestingly, Lys-132 is required for stabilizing heme in the HemO active site in an orientation selective for β/δ-oxidative cleavage (16) . These HDX-MS studies are consistent with this model, whereby the conformational flexibility at the dimer interface coupled with the allosteric modulation between the N-and C-terminal domains provides the free energy to trigger the His switch, opening up a path for heme translocation to HemO via an exit from the side mechanism (Fig. 3B) . The decrease in conformational flexibility at the protein interface and resulting increase in entropy on holoPhuS H212 interaction with HemO correlate with the inability to transfer heme to HemO.
Conclusions
We previously showed by sedimentation and limited proteolysis that, on heme binding, a conformational rearrangement of the PhuS C-terminal domain was required for interaction with HemO (10). Furthermore, site-directed mutagenesis and spectroscopic studies showed that either His-209 or His-212 could provide the proximal ligand to the heme (5). This study combining HDX-MS, MD, and stopped flow/RFQ-RR spectroscopic studies has provided additional insight into the role of the conformational flexibility of PhuS in driving heme transfer to HemO. HDX-MS analysis of apo-PhuS indicates that the C-terminal domain is largely unstructured, consistent with earlier proteolysis studies. Interestingly, deuterium uptake calculated from MD simulations based on the crystal structures of apo-and holo-PhuS are similar and for the apo form, deviate significantly from the experimental data, suggesting that the apo-PhuS crystal structure is along the trajectory of the more structured holo-PhuS. We propose that the conformational rearrangement and dynamics of the C-terminal domain of PhuS on heme binding drive both the ligand switch and protein-protein interaction with HemO (Fig. 5) . Previous studies showed that the holo-PhuS H209A variant (where heme is coordinated through His-212) interacts and transfers heme to HemO. However, in contrast, the holo-PhuS H212R variant, while retaining the ability to interact with HemO, was unable to transfer heme to HemO. Thus, in our model, holo-PhuS conformers coordinated through either His-209 or His-212 are competent to interact with HemO; however, the heme ligand switch from His-209 to His-212 is required for heme transfer (Fig. 5) . Furthermore, the overall decrease in conformational flexibility of the apo-PhuS H212R that increased the rate of heme binding but decreased cooperative folding and unfolding within regions at the protein interface highlights the critical role of allostery between the N-and C-terminal domains of PhuS in driving the heme ligand switch. The increase in entropic contributions on binding HemO as a result of the decreased conformational flexibility provides additional support for a model where the conformational flexibility and free energy on protein interaction drive heme translocation to HemO. Detailed spectroscopic studies are underway to further investigate the heme-ligated intermediates along the heme translocation pathway from holo-PhuS to HemO. 
Experimental Procedures
Protein Expression and Purification. All bacterial strains and plasmids used in these studies were as previously reported (5, 6) . Site-directed mutagenesis to create the PhuS H212R variant together with protein purification of WT PhuS, H212R PhuS, and HemO were carried out as previously described (5-7). A more detailed description is provided in SI Experimental Procedures.
HDX-MS.
Liquid chromatography/MS workflow, coverage map and deuterium uptake determination, and deconvolution of biomodal isotopic envelops characteristic of EX1 kinetics were performed as described previously (17) . A detailed description is provided in SI Experimental Procedures.
MD Simulations. Based on the crystal structures of the apo [Protein Data Bank (PDB) ID code 4IMH] (13) and holo (PDB ID code 4MF9) (12) PhuS, hybrid solvent continuous constant pH MD simulations with pH replica exchange protocol (18) were carried out using the CHARMM package (version c37b1) (19) . To compare with the HDX-MS experiments, the deuterium uptake traces were calculated using protocols described by Radou et al. (20) . Details of the simulation protocol and HDX-MS calculations are given in SI Experimental Procedures.
Cross-Linking and in Silico Modeling of the PhuS:HemO Complex. Holo-PhuS (50 μM) was mixed with an equimolar ratio of apo-HemO in 50 mM sodium phosphate buffer (pH 7.4), and the cross-linking reactions were initialized with a final concentration of 0.2% formaldehyde. The PhuS:HemO complex was modeled by using Cluspro 2.0 (21). Crystal structures of PhuS (PDB ID codes 4MF9 and 4IMH) and HemO (PDB ID code 1SK7) were used as template structures. A detailed description of the tryptic digest, peptide purification, and in silico modeling is provided in SI Experimental Procedures.
ITC. Titrations of apo-HemO with holo-PhuS WT and H212R were performed on a MicroCal MCS Titration Calorimeter (MicroCal Inc.) as previously described (10) . A detailed description is provided in SI Experimental Procedures.
RR Spectroscopy. A custom McPherson 2061/207 spectrograph was used to obtain RR spectra. The spectrograph was equipped with a Princeton Instruments liquid N 2 -cooled CCD detector (LN-1100PB). A Krypton laser (Innova 302; Coherent) was used to provide excitation at 407 nm.
Stopped Flow UV-Vis Spectroscopy. The apoprotein at varying concentrations in 200 mM Hepes (pH 7) and the hemin solution at 3.5 μM in 10 mM NaOH were loaded into an SX20 stopped flow UV-vis spectrometer (Applied Photophysics) and equilibrated to 4°C. Excess solutions from each syringe were recovered from the apparatus after each experiment to confirm the concentrations of hemin and apoprotein by UV-vis spectroscopy; 1:1 mixtures of the hemin solution with Hepes buffer confirmed that the UV-vis spectrum of hemin alone was unchanged during the stopped flow experiments. RFQ samples after mixing of apo-PhuS with hemin were collected and analyzed by RR. A detailed description of the stopped flow experiments and RFQ methods is provided in SI Experimental Procedures.
